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London, United Kingdom; and §Molecular Biology Consortium, Lawrence Berkeley National Laboratory, Berkeley, CaliforniaABSTRACT Rhodamine–phalloidin-labeled actin filaments were visualized gliding over a skeletal heavy meromyosin (HMM)-
coated surface. Experiments at low filament densities showed that when two filaments collided, their paths were affected in a
manner that depended on collision angle. Some collisions resulted in complete alignment of the filament paths; in others, the
filaments crossed over one another. Filament crossover or alignment was equally probable at ~40 contact angle. Filaments
often underwent significant bending during collision and analysis of filament shape indicated an energy requirement of ~13
kBT. Experiments were performed over a wide range of HMM surface density and actin filament bulk concentration. Actin fila-
ment gliding speed and path persistence plateaued above a critical HMM surface density, and at high (micromolar) actin filament
concentrations, filament motion became dramatically aligned in a common direction. Spatiotemporal features of alignment
behavior were determined by correlation analysis, supported by simulations. The thermal drift of individual filament tracks
was suppressed as the population became more oriented. Spatial correlation analysis revealed that long-range alignment
was due to incremental recruitment rather than fusion of locally ordered seed domains. The global alignment of filament move-
ment, described by an ‘‘order parameter,’’ peaked at optimal actin concentrations and myosin surface densities, in contrast to
previous predictions of a critical phase transition. Either hydrodynamic coupling or exchange of filaments between the surface
bound and adjacent bulk phase layers might degrade order at high actin filament concentration, and high HMM surface densities
might decrease alignment probability during collisions. Our results are compatible with generation of long-range order from
mechanical interaction between individual actin filaments. Furthermore, we show that randomly oriented myosin motors align
relatively short, submicrometer actin filaments into motile surface domains that extend over many tens of micrometers and these
patterns persist for several minutes.INTRODUCTIONStructural organization of the actin cytoskeleton is funda-
mental to many cellular processes including cytokinesis,
cell polarity, and cell motility. The spatiotemporal proper-
ties of actin cytoskeletal structures span a large range of
scales (from 10–3 to 106 s and 10–8 to 10–4 m); from the sub-
second extension/contraction cycles of cell filopodia (1,2)
and dendritic spines (3) to the nanometer-precise mainte-
nance of hair cell stereocilia over many years (4). In the
living cell, actin filaments are assembled into complex
architectures modulated by myosin motor proteins and a
wide variety of actin-binding proteins (5,6). Cytoskeletal
dynamics are coupled to ATP hydrolysis in two major
ways: through modulation of actin filament assembly and
disassembly, which results in actin filament length changes,
or via force generation by myosin motors, which produces
sliding movements along actin (7). The mechanical proper-
ties of individual actin filaments (8,9) and cross-linked
filament networks (10) have been measured, and much is
known about the kinetics of actin filament assembly/disas-
sembly (11) and myosin- mediated force production (12).
Self-organization of the cytoskeleton powered by molec-
ular motors has attracted a substantial body of experimentalSubmitted February 23, 2013, and accepted for publication August 2, 2013.
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0006-3495/13/09/1456/10 $2.00and theoretical work (13–17). The development of in vitro
systems with biochemically defined components enables
close comparison between theory and experiment. Complex
mixtures have rich phase behavior (18,19) exhibiting forma-
tion of asters, vortices, and other polar patterns (20–23).
Theoretical treatments of these phenomena vary from
‘‘coarse grained’’ (24) to ‘‘microscopic’’ (25,26) considering
hydrodynamic, viscoelastic effects in solution (27) as well
as long-range alignment of cytoskeletal filaments into
discrete domains on molecular motor-coated surfaces (26).
Equations of motion for the forces generated by the motors
on single filaments are the starting point for explanations of
long-range filament–filament coupling. The filaments have
been modeled as both rigid (26) and elastic rods (25). The
transition from random to ordered states results from the
dominance of motor forces over thermal forces.
In previous work, we defined an angle-independent
measure of population orientation, the Kuiper statistic, in
an in vitro gliding assay (28) consisting of ATP, actin fila-
ments, and a heavy meromyosin (HMM)-coated surface.
We used the Kuiper statistic to characterize the dependence
of long-range alignment on actin filament density and
average filament length (22). Here, we studied alignment
during single-filament collision events and have developed
correlation measures to determine spatiotemporal features
during alignment at different filament concentrations and
motor densities. We find that the phase transition from an
isotropic to ordered nematic is generally well described byhttp://dx.doi.org/10.1016/j.bpj.2013.08.001
Dynamic Actomyosin Domains 1457existing theory (26), but that there is a departure from this
theoretical treatment at high actin filament concentration
and high myosin surface densities.MATERIALS AND METHODS
Microscopy
Chemicals used plus protein and flow cell preparation protocols for in vitro
motility assays are given in Section S1 of the Supporting Material. Assays
were performed using an Axioskop-40 fluorescence microscope with a Plan
Neofluar 100, 1.3 numerical aperture objective fitted with a custom laser
excitation system consisting of a frequency doubled neodymium: yttrium
aluminum garnet laser (l ¼ 532 nm, 20 mW, continuous wave-transverse
emission mode 0,0, Suwtec, SP3Plus, Tunbridge Wells, Kent, UK) that
entered the fluorescence light path using a custom-built adaptor. Fluores-
cence emitted by the rhodamine–phalloidin-labeled actin filament spec-
imen was collected through the same objective lens and passed through a
dichroic and bandpass filter (560DRLP and 595AF60, Omega Optical,
Brattleboro, VT) to be imaged onto an intensified charge-coupled device
camera (IC-310 Photon Technology International, Birmingham, NJ), where
1 mm ¼ 12.8 camera pixels at the magnification used. Sequences of video
frames were captured using a frame grabber card (Picolo, Euresys, Multipix
Imaging, Petersfield, Hampshire, UK) and recorded onto a computer hard
disk. The laboratory was air-conditioned and the experimental temperature
was kept at 23C.FIGURE 1 (A) Schematic of motile tracks obtained during a collision
event. Filament 2 collides with filament 1 as it glides. Crossover: Filament
2 continues in its precollision course by its leading end moving up and over
filament 1, with thermally induced deviation (Da). Da can be positive if
the deviation is toward the filament 1 long axis as shown, or negative. Align-
ment: Filament 2 reorients to align its trajectory to the filament 1 long axis. If
filament 1 is also motile, the trajectories of both filaments can realign to
affect similar outcomes The outcome is insensitive to the polarity of either
filament 1 or its motile track (31). Inset: Schematic showing computation
of the elastic bending energy, E , from the contact angle, a, and length,Image analysis
Filament length distributions were quantified by analyzing video images of
F-actin bound to the motility assay surface in AB–/GOC. Filament lengths
were measured from skeletonized outlines using scripts written in ImageJ
and MATLAB.
Filaments were tracked using GMimPro software, which has been
described previously (29). A rolling three-frame smoothing function was
used for frame-by-frame determination of filament positions. Filament
centroids were determined by a fitting algorithm that gave subpixel spatial
resolution and x,y coordinates were linked between adjacent frames to form
spatial trajectories or ‘‘tracks’’ over time. A one-frame look-up option was
used to link tracks that fragmented as a result of camera noise, abnormally
large displacements, and filament collisions. Each filament trajectory was
stored as an array of x,y positions versus time for later analysis. Trajectories
were visually inspected by animating the tracks over the original video
movies. Alternatively, difference images of filament tracks were obtained
by frame-by-frame subtraction of the video image stack followed by sum-
mation of the subtracted images. The summed image revealed tracks of
motile filaments.
bend
L, of the secant connecting the long axes of the unbent filament segments.
b ¼ (180  a)/2. The radius of curvature, r, is determined from the sine
rule. L/Sin(a) ¼ R/Sin(b). (B) Schematic of a track obtained by GMimPro
(29) illustrating how the temporal autocorrelation is computed. The centroid
coordinates of a motile filament in successive frames (gray dots) are con-
nected to form a track. Orientation differences (Dqf) for four frames are
then calculated, with the filament centroid in the 0th frame used for
calculation of Dqf for the 1st frame. Finally, mean angular deviations
for each tðDqtf Þ are computed. Z ¼ 4 for the track shown. Then,
for t¼ 2;Dq 21¼ (q2 – q)¼ (Dq0Dq1).Dq22¼ (q3 – q1)¼ (DqþDq2).
Dtf ¼ Sf¼1 to 2ðabsððDQ21 þ DQ22Þ=2ÞÞ. Gðt ¼ 2Þ ¼ CosðDtf Þ. (C) Two
paths of magnitude a, b, respectively, with center of mass posi-
tions separated by distance D. (1) Calculation of the resultant R needed for
estimation of the order parameter. (2) Computation of the dot product of
the paths (a.bjcosgj, where g < 90) needed for spatial cross-correlation
analysis.RESULTS
Analytical measures
In this study, we investigated the phase behavior of long-
range alignment as a function of F-actin concentration
and motor surface density. To do so, we analyzed collisions
between individual filaments, the temporal properties of
filament tracks, and the spatial order of the aligned
motile filament domains. Below, we define the analytical
measures that we used to characterize our experimental
findings. We conducted computer simulations to illu-
strate how such measures give insight into the system prop-erties: For clarity, the simulations are detailed in
Section S2 and a glossary of the symbols used is given
in Table S1.
Long-range filament alignment must be a consequence, in
part, of the motor-powered, short-range interaction between
filaments. An idealized collision event is schematized
(Fig. 1 A). The leading end of a colliding filament that
impinges on the side of a target filament crosses over (or
under) with an angular deviation Da from the initialBiophysical Journal 105(6) 1456–1465
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colliding filament moves to change its orientation toward
that of the target filament with which it has collided. With
reference to Fig. 1 A, alignment is defined as the limiting
case when Da ¼ a whereby the resulting path of the
colliding filament is parallel to the target filament
orientation:
The alignment probability; Pa ¼ naðna þ ncÞ; (1)
where na and nc are the number of collisions that lead to
alignment (where Da ¼ a) or crossover (where Da < a),
respectively. One might expect that Pa would be a function
of a.
In addition to these two basic outcomes, filaments also
undergo deformation during collisions. Experimental obser-
vations show (see later) that deformation is transient, with
the precollision conformation restored on completion of
crossover or alignment. The bending energy to convert a
linear segment of F-actin to a curved section of radius, R,
and secant angle a, Ebend ¼ aEI=2r.
EI is the flexural rigidity, and r is the radius of curvature
(30). For actin filaments, the flexural rigidity, is 7.3  10–26
N,m2 (8), r may be measured from a and the secant linking
the tangents from the adjacent, straight filament segments
(Fig. 1 A inset). Because we consider single actin filament
interactions, Ebend is expressed relative to thermal energy
kBT (4.1  10–21 J at T ¼ 25C).
The persistence of any given track was assessed by
correlation analysis and the net to gross (N2G) dis-
placement ratio. With reference to Fig. 1 B, we define the
temporal autocorrelation function for a single track as
follows:
GðtÞ ¼
XZ
t¼ 0
Cos

Dqtf

where t is the time difference, Z is the track length in
frames, and Dqtf is the mean difference in track orientation
angle between two frames f and (fþt) given by
Dqtf ¼
XZt
f ¼ 1

abs

Dqtf
ðZ  tÞ

The bulk or population temporal correlation function is
defined as
GðtÞ ¼
XZmax
t¼ 0

GðtiÞ
NðtÞ

; (2)
where Zmax is the length of the longest track, and N(t) is the
number of tracks of length t or greater. The track example
shown in Fig. 1 B illustrates how Dqtf was calculated.Biophysical Journal 105(6) 1456–1465The N2G ratio is defined as the displacement from the
origin to the end of the track divided by the sum of the
frame-to-frame displacements:
N2G ¼
ðxN  x1Þ2 þ ðyN  y1Þ20:5
PN1
f ¼ 1

xfþ1  xf
2 þ yfþ1  yf 20:5
: (3)
The tracks used for the spatial analysis (Fig. 1 C) are called
‘‘paths’’ to signify that they have orientation for assessment
of alignment, but not direction. The orientation of any path
would have a 5 p ambiguity because of the absence of
directionality. Two measures were used to assess spatial
order:
(1) The resultant, R, of a population N of i paths would
have a magnitude, MR, with orientation 4R constrained to
an angle within 0 and p. On this basis, we defined an order
parameter (OP)
OP ¼ M
0
R
hD4ii
; (4)
where M0R ¼ MR  2=p; D4i ¼ (4i  4R). The 2/p
term is the value obtained for an isotropic population. In
this case, the sine components cancel when the paths are
projected onto R, leaving the integral of the cosine
components:
2
p
¼
0
B@
Zp=2
p=2
p1CosðgÞdg
1
CA
OP provides a global measure of population orienta-
tion anisotropy, similar to the Kuiper statistic used previ-
ously (22).
(2) We evaluated the spatial cross-correlation function to
assess spatial heterogeneity. The spatial cross-correlation
function is defined as
GðDÞDmaxD¼ 0 ¼

1
ND
XND
j¼ 1

~aj:~bj
aj:bj


;
where a and b are the magnitudes of the paths for dot
product j, D is the distance between path centroids, and g
the difference angle between them (Fig. 1 C). Dmax is the
maximum distance. N is the number of paths, ND is the
number of dot products for separation, D, between the two
path centers. g<p=2, since the lower of the two possible
values g and p g was selected. g ¼ 0 5 p for D ¼ 0.
Therefore,
GðDÞDmaxD¼ 0 ¼ ð1ÞD¼ 0 þ
XND
j¼ 1

~aj:~bj
aj:bj


: (5)
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Wemeasured Pa from our video records obtained using rela-
tively sparse rhodamine phalloidin labeled actin filaments
that were moving under standard assay conditions (with
no added unlabeled actin). We found that Pa was a function
of a (Fig. 2 A). a1/2, the collision angle where Pa ¼ 0.5, was
ca. 41 5 5. We collected data for two myosin surface
densities obtained by applying 0.1 and 1 mg/ml HMM; for
these densities, a1/2 was 40 5 7
 (n ¼ 115) and 42 5
10 (n ¼ 38), respectively, as evaluated by best fits to the
Pa distributions. Pa was also insensitive to whether both fil-
aments were gliding in the same or opposite direction or
whether one or both filaments were motile.
Next, we analyzed crossover events. Da would be ex-
pected to depend on thermal deformations. Consistent
with this expectation, a Gaussian distribution was obtained
with a standard deviation of 19 5 4 (Fig. 2 B) and a
mean offset from zero toward a positive Da. This offset
could be due to mechanical or electrostatic interactions re-
sulting from the collision that confer an angle-dependent
bias toward positive values (i.e., toward alignment). TheFIGURE 2 (A) Alignment probability, Pa, as a function of contact angle
a (open symbols): 150 measurements of single collision events were group-
ed into 10 angle bins. The solid line is a best-fit Hill function of form
Pa ¼ 0.5 þ (1.5/(1þ(a/aH)^H)), where H ¼ 1.48 and aH ¼ 54. Correla-
tion coefficient is 0.93. Control (closed symbols): Random deviation of
unobstructed sliding filament tracks. Bars denote standard errors. (B) The
deviation between the contact and emergent angles, Da, follows a Gaussian
distribution. Probability ¼ a*(exp(0.5*(Da  Dao)/b)^2)), where a ¼
0.1145 0.003 and b ¼ 18.85 1.6. The distribution is centered at a slight
positive angle (Dao ¼ 3.7 5 1.5). Correlation coefficient ¼ 0.85. (C)
Three frames in a video sequence of a collision between a sliding and sta-
tionary filament demonstrating deformation and transient alignment at high
collision angle (a ¼ 47.5). The angle was determined from the frame in
which initial contact was established. Left: Initial contact.Middle: Transient
alignment of bent filament. Right: Crossover. The filament unbends with a
trajectory more in line with the long axis of the immobilized filament.change in trajectory due to thermal fluctuations was esti-
mated by documenting the angular deviation of motile
tracks in absence of collision. This thermally induced devi-
ation was 14 5 2 per frame of the three-frame smoothed
tracks.
As reported previously (Fig. 2 in Khan et al. (31)), tran-
sient filament deformation was evident in collisions
involving long filaments. We extended our previous study
by analyzing several examples in which alignment was tran-
siently obtained before filaments crossed over (Fig. 2 C,
Movie S1). The transient alignment was coupled to reduced
movement and typically lasted for a second or less. Cross-
over restored the undeformed filament shape and precontact
gliding speed, albeit in a different trajectory. The deforma-
tions were most dramatic at high a. The mean Ebend
measured from the video frame at which maximum filament
deformation was observed was 13.55 5 kBTwith mean a¼
655 10 (n¼ 7), with estimated buckling force ~2 pN for a
micrometer-long curved filament segment (32). The esti-
mated Ebend is likely due to the cooperative action of several
motor–filament attachments. It is consistent with the three-
fold greater value of a1/2 relative to the angular deviation in
the absence of collision measured from Fig. 2 A. The stored
energy must be used in part to break filament motor attach-
ments so as to bring filament trajectories into closer align-
ment, as seen in Fig. 2 C.Temporal evolution of long-range alignment
The evolution of long-range alignment with time allows
study of the emergence of order at fixed component compo-
sition. Experiments were performed when high (1 mg/ml)
concentrations of unlabeled F-actin were added and inter-
mediate HMM surface density (1 mg/ml) was used. Data
were analyzed with the measures of spatiotemporal align-
ment defined above (Fig. 3 A, Movies S2 and S3).
We first determined filament population gliding speeds as
a function of HMM surface density. Population mean speeds
did not change with time (Fig. 3 B). We then carried out
temporal autocorrelation analysis (Fig. 3 C). There was an
initial fall of correlation at t ¼ 1, due to a combination of
pixilation and image sampling noise, which reduces the pre-
cision in determination of the filament centroids. The corre-
lation function then declined with t in similar fashion to the
simulations of unhindered tracks (see Fig. S1 B). The N2G
displacement ratios measured for the same data sets also
showed behavior that was similar to the model tracks subject
to unhindered deviation (see Fig. S1 C). Their distributions
were consistent with an incremental increase in the fraction
of linear tracks with alignment (Fig. 3 D). The filaments
glided in a fairly linear fashion 1 min from the start of the
experiment while population orientation was still isotropic.
Reference to the simulations showed that the angular drift
under this condition was about 515 per frame (40 ms at
25 fps). There was a progressive suppression of drift onBiophysical Journal 105(6) 1456–1465
FIGURE 3 Time evolution of the long-range alignment of rhodamine–
phalloidin-labeled fluorescent actin filaments gliding over HMMmolecules
attached to nitrocellulose-coated glass in presence of unlabeled actin fila-
ments. (A) Filament tracks at different times in the experiment. (B) Popula-
tion speeds (5 standard error). (C) Temporal correlation function (G(t)) for
tracks at 1 (white), 4 (yellow), 7 (cyan), and 14 (black) min. t1/2-values were
23, 31, 42, and 112 frames for track populations at 1, 4, 7, and 14 min,
respectively. Gray bars denote standard error. (D) N2G ratio distributions
for the different times. Symbol colors as in (C). Inset: Mean N2G ratios
(5 standard error). Reference lines denote angular deviation (2hDqfi) range
(red numbers).
1460 Hussain et al.alignment, captured in the increase in both t1/2-values and
N2G ratios. Although the trends were the same, the latter
measure indicated a lower range (54.5 to 51.5 per
frame) than the former (514 to 56 per frame). Short
tracks, of duration <t1/2, will contribute minimally to the
estimate of the t1/2-values. On the other hand, all tracks
are weighted equally in the computation of the N2G
displacement ratios. Thus, this discrepancy might arise if
the longer tracks are less linear than shorter tracks. This
might be the case for several reasons, two major ones being
(a) a slight angular bias that would affect G(t) at long, but
not short, t-values (as seen in simulations, e.g., Fig. S1,
green track); and (b) an increased likelihood of collision
events that could result in jointed tracks with kinked
trajectories.
Finally, we analyzed difference images for rapid determi-
nation of path orientations and spatial correlations. Fila-
ments that change position between adjacent video frames
give rise to a bright spot (corresponding to the new tip posi-
tion) and a dark spot (corresponding to the new tail posi-Biophysical Journal 105(6) 1456–1465tion). A single integrated image was obtained by
projection of the difference image stack. This image con-
sists of a number of bright spots or ‘‘footprints’’ that map
out all of the moving filament tip paths over time. At short
time windows (25 frames ¼ 1 s) relative to the t1/2-values,
linear paths were predominantly obtained (Fig. 4 A).
The deviation of each path was minimized iteratively to
eliminate the 5p ambiguity. Paths with D4i > p/2 were
flipped by p for a second iteration. 4R was subtracted
from all 4i-values during each iteration. MR and 4R were
then recomputed (Fig. 4 B). Two to three iterations were
typically sufficient to converge to a stable R with maximum
MR and minimum hD4ii. The resultants (R) monitored the
population orientation during the course of the experiment
(Fig. 4 C). The method filtered out overlapping paths in
addition to filament crossover events (Fig. 4 A legend).
The filtered-out fraction would decrease on alignment into
a common orientation. This could introduce sampling
bias. We therefore compared the relative increase in popula-
tion alignment measured by OP with that measured by the
Kuiper statistic applied to tracks. In the latter case, cross-
over events were included and overlap was not an issue.
The relative increase in population alignment given by
both measures was superimposable, implying that possible
systematic errors caused by the OP computational method
were not significant (Fig. 4 D).
The filament length distribution was exponential, as ex-
pected from previous work, and did not change markedly
with time over the 1- to 14-min period (Fig. S2). The slight
decrease in the mean length was due to fragmentation of the
longer filaments as the experiment proceeded. The order
developed over many minutes, about twofold slower and
more gradually than the case reported in our initial study
(22) that used both longer (1.5 mm mean length) filaments
and lower (0.4 mg/ml) HMM solution concentrations. The
orientation fluctuated slightly (ca. 10 in 5 min) once sub-
stantial alignment had occurred.
The spatial autocorrelation functions, G(D), computed at
different times during the course of the experiment were
consistent with incremental recruitment (Scenario II,
Section S2, Fig. S3). There was an initial, abrupt drop at
G(D) that provided a model-independent measure of the
aligned fraction as explained in the previous section. There-
after, G(D) did not decrease further up to the limiting image
field diameter (Dmax) (Fig. 4 E). The aligned fractions were
10%, 50%, 75%, and 85% for 1, 4, 7, and 14 min, respec-
tively, as estimated from Scenario II simulations (Fig. S3).Long-range alignment: Filament and motor
density coupling
The emergence of order at different filament concentrations
and HMM surface densities was evaluated to obtain a phase
diagram of the isotropic to nematic transition. A series of
experiments was conducted in which the concentrations of
FIGURE 4 Spatial order during evolution of
long-range alignment. (A) Determination of path
length and orientation angle. The path orientation
was defined by the long axis of the elliptical fits
(black), superimposed on the skeletonized tracks
(green/blue). Tracks that generated ellipses with
major/minor axis ratios > 0.4 (blue) were elimi-
nated and those with ratios< 0.4 (green) were pro-
cessed. The 0.4 threshold was chosen after
inspection of the major/minor axis ratio distribu-
tions. The distributions had bimodal character
with mode > 0.4 because of crossover events,
path overlap, or poorly attached filaments. (B)
Schematic depicting analysis of the summed dif-
ference images. Path orientations were assigned
values between 0 and p for initial determination
of the population resultant magnitude MR and
angle 4R. Path outliers with orientation angle
different by > 90 from 4R (red) were flipped
by p. MR and 4R converged to maximum and min-
imum values, respectively. (C) Resultants R (solid
lines) with magnitude, M0R, and orientation 4R
(without direction) at different times during the
experiment. Mean angular dispersion hD4ii is the
angle between the solid and dashed lines. (D)
Comparative measures of population order. Kuiper
statistic (KS) (open circles). Line is best-fit
single exponential. Order parameter (OP) (closed
circles). Standard error is comparable to symbol
size. Each data point is based on nine sequences.
The summed difference images were the summa-
tion of frame-to-frame differences captured in 1-s
video records. (E) Spatial correlation functions
G(D) for the different times. Symbol colors as in
(A). Reference lines indicate G(D) values of 1
(aligned) and 2/p (isotropic).
Dynamic Actomyosin Domains 1461HMM and actin were systematically varied: Five different
concentrations of HMM over the 0.05 to 2 mg/ml range
were used corresponding to an HMM surface density range
of 2.5 to 100 molecules per mm2. Surface density was deter-
mined from parallel studies in which Cy3-labeled HMM
was used, showing that the surface density of applied
HMM (estimated from the integrated fluorescence intensity)
gave a linear relation between HMM solution concentration
and absorbed surface density, although there might be some
departure from this linear relationship beyond 1 mg/ml
(Fig. S4). For each HMM concentration, the phalloidin-sta-
bilized F-actin was varied over five different concentrations
from 0.2 to 1 mg/ml. Mean lengths of the filament distribu-
tions were 1.005 0.07, 0.605 0.04, 0.605 0.01, 0.585
0.01, and 0.565 0.01 mm at 0.05, 0.1, 0.5, 1, and 2 mg/ml,
respectively. Fragmentation (33) was evident at HMM con-
centrations > 0.5 mg/ml. Filaments fragmented immedi-
ately upon ATP addition; subsequent change in the
filament length distributions was small (Movies S4–S6),
as noted previously (Fig. S2). The mean filament length
(0.625 0.03 mm) was 30-fold smaller than the persistence
length of phalloidin-stabilized filaments (8,9). Thus, the
filaments behave as rigid rods in the absence of motor
forces.Summed difference images, obtained as in Fig. 3 A, are
shown for selected conditions (Fig. 5 A). We first deter-
mined the speed and persistence of filament tracks at
different HMM surface densities (Fig. 5 B). There was a
sharp increase in speed above a threshold surface density,
consistent with previous reports (34). Motile filaments
frequently detached from the surface below this threshold.
Above threshold, the filaments glided across the image field
implying that the motors contacted by the moving filaments
exceeded the critical number required to keep the filaments
continuously attached. Speeds were insensitive to motor
density past the threshold, consistent with the idea that the
force generated by a single motor was close to that needed
to move the filaments close to idle speed (35). The increase
in track persistence, as measured by either t1/2-values or
N2G displacement ratios followed a similar trend. Track
persistence increased over a limited range at constant speed,
as appreciated by superposition of the N2G ratio and speed
measurements.
OP determination and spatial correlation analysis were
used to evaluate the alignment. Although the 4R-values
differed (Fig. 5 A), we found a simple inverse, linear relation
between M0R and hD4ii that was maintained over the entire
motor density range (Fig. 5 C). The small scatter gaveBiophysical Journal 105(6) 1456–1465
FIGURE 5 Measures of spatiotemporal align-
ment as a function of HMM motor density. (A)
Track profiles, obtained in difference images.
Actin filament concentration (mg/ml), HMM con-
centration (mg/ml), and time (minutes) after ATP
addition are noted as actin-myosin-time. (B) Popu-
lation mean speeds (closed symbols) are indepen-
dent of motor surface density over most of the
range used consistent with operation in the un-
loaded regime. Persistence of track trajectories,
measured by N2G ratios, as a function of HMM
concentration (open symbols). The decrease in
angular dispersion, estimated from Fig. 2 D, is
over the 514 to 511 2hDqfi range (dashed
lines) as HMM solution concentration increases
from 0.05 to 0.5 mg/ml. (C) The relation between
population resultant magnitude ðM0RÞ and angular
dispersion (hD4ii). The regression (solid line) has
a slope of 87.2 per unit magnitude. Correlation
coefficient is 0.97. (D) Spatial correlations as a
function of actin and HMM concentration: (I)
The relation between DG(D) and OP. (II) Phase di-
agram of g with varying actin filament and HMM
concentration. Colors denote 10 bins centered at
0.2 (dark blue), 0.1 (blue), 0 (green), þ0.1
(light green), and þ0.2 (yellow). (E) Phase dia-
gram of OP as a function of actin filament concen-
tration and HMM motor surface density.
1462 Hussain et al.confidence that the5p ambiguity correction had worked. It
further showed that OP was insensitive to HMM surface
density and coupled path length variations.
The differences between motile fields were consistent
with incremental recruitment into a common orientation
(Fig. S3 Scenario II). The G(D) functions had a form thatBiophysical Journal 105(6) 1456–1465was similar to when order evolved with time (Fig. 4 D).
As a consequence, DG(D), defined in Eq. S1, increased in
proportion to OP (Fig. 5 D(I)). Second, g, defined in
Eq. S2, ranged from þ0.18 to 0.18/mm, distributed
around a zero mean, over the F-actin concentration and
HMM density range studied. Because the positive slopes
Dynamic Actomyosin Domains 1463were presumably due to measurement error, negative slopes
with equivalent or lower values are not significant. However,
the negative g values congregated in two zones in the phase
diagram (Fig. 5 D(II)). Our data do not have the precision to
detect isolated microdomains smaller than 35% of the image
field, but can rule out multiple microdomains of this size.
We conclude that Scenario II is predominant over dimen-
sions corresponding to our image fields (Dmax ¼ 50 mm)
over a wide range of actin filament and HMM motor
densities.
We finally documented the coupling between filament
and motor density in facilitating long-range alignment
(Fig. 5 E). OP increased with increase of either actin fila-
ment density or HMM motor surface density, to an optimal
condition (0.4 mg/ml applied HMM, 0.6 mg/ml ¼ 15 mM
F-actin). Comparison of the OP phase diagram with that
for G(D)/D revealed overlap of the OP peak with the nega-
tive g domains. This congruence could indicate formation of
isolated microdomains under optimal conditions.
Measurable order was not found below a critical
threshold of 0.4 mg/ml actin over the HMM density range
employed. The HMM surface density-dependent changes
in actin filament length documented above may account
for the asymmetric position of the OP peak at a lower
HMM density. Above 1.6 mg/ml HMM, OP decreased
sharply. A number of nonideal effects come into play under
very crowded conditions. Motor forces can induce high de-
grees of bending/buckling of actin filaments below 1/mm
(36). At high motor densities, filaments might be less
compliant for the local reorientation and deformation
needed for alignment during collision events. However,
the a1/2-value for the HMM surface density obtained at
1.0 mg/ml was similar to that obtained at 0.1 mg/ml (Section
2B1). A precipitous decrease in a1/2 between densities at 1
and 2 mg/ml seems improbable. It is more likely that drag
increases at very high motor surface densities because of
the increased number of attached myosin heads, dissipating
the energy available for formation of ordered domains. OP
also decreases at F-actin concentrations > 0.8 mg/ml for
the optimal HMM motor surface density. At these high con-
centrations, disordered filaments in the solution layer imme-
diately above the surface could degrade the order of the
motile filament domains because of hydrodynamic coupling
in concert with exchange of filaments between the solution
and the surface.DISCUSSION
We have determined spatiotemporal measures of motor-
powered alignment of filamentous actin in a minimal
in vitro system. Our principal observations are as follows:
(a) Filament collisions produce alignment at contact angles
substantially greater than predicted by thermal fluctuations.
Filament reorientation is driven in part by the elastic energy
stored in contact-induced local deformations. Even whencrossover rather than alignment was the outcome of a given
collision event, the two filament trajectories became more
closely aligned. Filament direction after crossover had an
angular spread consistent with thermal drift, but with a small
bias toward alignment. Weak electrostatic or mechanical
interactions could contribute to this bias. (b) The increase
in alignment of a population of filaments occurs over several
minutes once initiated. The filament tracks became more
linear as alignment proceeded and thermal drift of individual
tracks was suppressed. Further work will be needed to deter-
mine whether the suppression is a consequence of filament
close packing or hydrodynamic coupling of the interstitial
solvent with the aligned motile filaments. (c) Progressive
alignment by fusion or growth of seed domains may be ruled
out. Instead, population alignment increased by incremental
recruitment of filaments into a common orientation. The
form and duration of the time course are consistent with
this idea. The aligned domains covered the microscope im-
age field and were maintained for many minutes with slight
changes in overall orientation once formed. (d) There was a
sharp motor density threshold for gliding filament speed, as
reported earlier. The temporal persistence of the filament
tracks had a more gradual dependence on myosin density.
Measurements over the entire motor density range showed
aligned and unaligned motile filaments interspersed over
the image field, rather than congregated into domains. (e)
The phase diagram of the isotropic to nematic transition
peaked at a distinct optimum with actin filament concentra-
tion and motor surface densities. Alignment occurred over a
narrow (twofold) filament concentration range. HMM
surface densities above the threshold required for maximal
gliding speed (> 0.1 mg/ml) were required to produce align-
ment. However, very high HMM surface density (> 1.6 mg/
ml) gave less well-ordered motion. In brief, long-range
alignment of short actin filament domains powered by
randomly absorbed motor molecules is preceded by pairwise
alignment or closer apposition of filament tracks on colli-
sion. Energy generated by motor action is transiently stored
as elastic deformation. Reorientation occurs by breakage of
motor–filament attachments and formation of new ones to
restore the undeformed filament conformation. As order
increases, thermal drift of the filaments is suppressed.
Our results are compatible with a recent study of patterns
of microtubules moving over dynein motor-coated surfaces
(16). The authors concluded that individual microtubule–
microtubule collision events, rather than long-range hydro-
dynamic coupling, could generate the observed patterns.
F-actin and microtubules differ greatly in stiffness as well
as interactions with the respective motor proteins, myosin
II and dynein. Nevertheless, the Pa curves obtained are
similar with the difference that the contact angle is ca. 70
for Pa ¼ 1/2 in the microtubule case, consistent with the
thicker and stiffer microtubules decreasing crossover proba-
bility. Common principles could underlie the self-organiza-
tion of these important cytoskeletal polymers.Biophysical Journal 105(6) 1456–1465
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Our results are broadly consistent with previous theoretical
analysis (26), but also identify additional features. The
predicted sharp transition to an ordered nematic above a
threshold F-actin concentration is observed, as well as its
dependence on a critical myosin surface density. As
predicted, filament tracks become more persistent with
increased motor density. However, this increase occurs
over a limited range, and the observed decrease in alignment
at both high actin filament concentration and motor surface
density is not accounted for by the earlier theoretical model.
This and other models simulate motors with a 100% duty
cycle without a rigor state. Crossovers are forbidden, with
alignment the sole outcome of collision events. The models
do not consider hydrodynamic coupling between either
bound or unbound filaments, or between the filaments and
interstitial solvent. Long-range hydrodynamic coupling on
the micrometer scale may be ruled out. However, coupling
could be significant on the filament diameter size scale un-
der crowded conditions. Coupling between solvent flow and
movements of self-propelled objects, for example, has been
documented for bacterial swarms (37). The time evolution
of the long-range alignment could provide important clues
as to energy dissipation mechanisms and might assist
development of theoretical analyses.Physiological considerations
The actin filaments we studied previously (22) had twice the
mean length of the filaments used here. Synthetic myosin
filaments were used in addition to HMM. Increased filament
length and/or concerted motor action exerted by motor
filaments rather than single motors could generate more
complex phase behavior. We also documented fusion of
two domains on the second timescale (Fig. 10 of Butt
et al. (22)). Thus, although domains take minutes to form
and have size greater than the microscope image field,
they fuse more rapidly.
In living cells, formation of aligned domains is evident in
crawling of amoeboid cells (7,38), movement of neuronal
growth cones, and remodeling of dendritic spines (39).
Myosin II microfilaments are found in the cell cortex and
play important roles in the advance of lamellipodia that
occur over micrometer and second timescales (40,41).
Recent studies have established the role of myosin II in actin
arcs and their coupling to lamella transitions (42). Our ob-
servations provide clues to how this motor-driven alignment
might be regulated and exploited in living cells. We find that
there is an optimum concentration regime for formation of
ordered domains. Actin compartments could transition
into or out of the narrow, optimal filament concentration
regime by a broad spectrum of strategies that either increase
or decrease actin polymerization (43), or stimulate branch-
ing, bundling, or severing.Biophysical Journal 105(6) 1456–1465The capacity for rapid second-to-second formation and
transition of localized microdomains such as found in
dendritic spines (44) is absent in our in vitro system. Order
develops incrementally over many minutes over length
scales (tens of micrometers) greater than the typical size
of amoeboid cells. A battery of actin-binding proteins may
be required to create a tapestry with finer spatiotemporal
resolution from the physical base elucidated in our minimal
system. Proteins such as the formin superfamily could
increase filament length favoring alignment, whereas
Arp2/3-mediated branching of the F-actin network could
counter alignment propensity (45). Control of myosin II
activity or microfilament formation could achieve a similar
purpose. The present study provides a reference against
which the phase behavior of more complex mixtures can
be evaluated to identify the precise contribution of the phys-
ical properties of the actomyosin gel or additional protein
components to network dynamics.SUPPORTING MATERIAL
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